Ischemic stroke remains one of most common causes of death and disability worldwide. Stroke triggers a cascade of events leading to rapid neuronal damage and death. Neuroprotective agents that showed promise in preclinical experiments have failed to translate to the clinic. Even after decades of research, tPA remains the only FDA approved drug for stroke treatment. However, tPA is effective when administered 3e4.5 h after stroke onset and the vast majority of stroke patients do not receive tPA therapy. Therefore, there is a pressing need for novel therapies for ischemic stroke. Since stroke induces rapid cell damage and death, neuroprotective strategies that aim to salvage or replace injured brain tissue are challenged by treatment time frames. To overcome the barriers of neuroprotective therapies, there is an increasing focus on neurorestorative therapies for stroke. In this review article, we provide an update on neurorestorative treatments for stroke using cell therapy such as bone marrow derived mesenchymal stromal cells (BMSCs), human umbilical cord blood cells (HUCBCs) and select pharmacological approaches including Minocycline and Candesartan that have been employed in clinical trials. This review article discusses the present understanding of mechanisms of neurorestorative therapies and summarizes ongoing clinical trials.
Introduction
Ischemic stroke is a global health concern that often leads to lifelong disability or death of patients (Lackland et al., 2014) . Stroke patients and their families incur steep social and medical burdens. To date, tissue plasminogen activator (tPA) is the only pharmacological agent approved by the US Food and Drug Administration to treat ischemic stroke. However, the use of tPA is limited by its narrow therapeutic time window of 3e4.5 h from ischemic stroke onset, and a large majority of patients do not receive timely medical attention needed for tPA administration. Recent advances in mechanical clot retrieval strategies such as mechanical thrombectomy for treatment of large artery stroke have enabled rapid and effective recanalization using endovascular approaches, and patients with salvageable tissues benefit from improved outcomes (Linfante and Cipolla, 2016) . However, only a small population of stroke patients are eligible for acute endovascular intervention (Linfante and Cipolla, 2016) . There has been a research focus on developing novel and effective treatments for stroke in the last few decades. While there has been significant improvement in stroke awareness, care and rehabilitation, effective treatments for the management of ischemic stroke remain constrained. The rapid damage and death of brain cells after ischemic stroke onset has limited the time window for initiation of neuroprotective treatments. Several factors have hindered clinical translation of experimental therapeutics including a narrow time window for treatment, widespread use of healthy young male animals in preclinical research, and lack of including co-morbidities such as diabetes and hypertension (Jolkkonen and Kwakkel, 2016; Pennypacker et al., 2017) . In the wake of understanding the limitations of neuroprotective strategies, there has been a paradigm shift in research strategies towards neurorestorative therapies (Cramer and Chopp, 2000) either as a stand-alone treatment or as an adjunct therapy to improve stroke outcome. Neurorestorative therapies for stroke typically have wide therapeutic window of days to weeks after stroke onset and aim to amplify endogenous brain repair mechanisms and improve neurological functional outcome after stroke by promoting restorative mechanisms such as neurovascular remodeling, white matter remodeling and attenuating local and systemic inflammatory and immune responses. Neurorestorative agents target intact parenchymal cells such as neurons, glial cells and endothelial cells to promote brain remodeling or repair of damaged tissue. Neurorestorative therapies for stroke aim to improve neurovascular remodeling, white matter remodeling and synaptogenesis, and decrease inflammatory and immune responses, which are discussed below and summarized in Fig. 1 .
Neurovascular remodeling
The neurovascular unit includes the anatomical and functional interactions between neurons, glial cells and vascular cells (endothelial cells, pericytes) in the brain and controls brain homeostasis . The cross-talk among these cells regulates complex brain functions under normal and pathological conditions. Interactions between the various components of the neurovascular unit support blood brain barrier (BBB) integrity and function. Neurovascular uncoupling and disruption of the BBB during neurological diseases such as stroke, aggravate inflammatory responses and exacerbate brain damage (Abbruscato and Davis, 1999) . Neurorestorative therapies promote neuronal plasticity, glial cell proliferation, neovascularization, angiogenesis and arteriogenesis to initiate repair of damaged tissue and importantly, facilitate structural and functional reorganization of the neurovascular unit, which is critical to improve neurological functional outcome after stroke (Chen et al., 2003b; Liu et al., 2007) .
Angiogenesis is the process of sprouting new blood vessels from pre-existing blood vessels. Angiogenesis includes a series of events such as endothelial cells proliferation, migration, sprouting, branching and recruitment of the pericytes and smooth muscle. Angiogenesis is regulated by a variety of growth factors and angiogenic genes and proteins are upregulated as early as 1 h after initial ischemic injury and remain elevated for subsequent days to weeks after stroke (Hayashi et al., 2003; Liu et al., 2007) . The ischemic penumbra is the partially damaged tissue adjacent to the ischemic core and is a region where recovery mechanisms are actively occurring after ischemic stroke. Death of the penumbra due to ischemic reperfusion injury or poor recovery mechanisms contributes to infarct expansion and secondary injury after stroke. The hypoxic conditions of ischemic stroke stimulate angiogenesis within hours in the ischemic penumbra (Krupinski et al., 2003) . Angiogenesis in the ischemic brain has been associated with improvement of neurological function in experimental stroke as well as in patients (Chen et al., 2003b; Krupinski et al., 1994; Liu et al., 2007) . In patients with thrombo-embolic stroke, post mortem studies revealed higher microvessel density in the ischemic penumbra compared to contra lateral (normal) tissue and was correlated with longer survival time and functional improvement (Krupinski et al., 1994) . In addition to increasing blood supply to ischemic brain tissue, the newly formed blood vessels following angiogenesis may also facilitate removal of necrotic tissue (Manoonkitiwongsa et al., 2001) . In rats subject to ischemic stroke, increased microvessel density in the ischemic penumbra was associated with increased macrophage infiltration which could then facilitate removal of necrotic debris from the infarct region (Manoonkitiwongsa et al., 2001) . The vascular and neuronal components of the neurovascular units are tightly coupled during the process of angiogenesis and neurogenesis Teng et al., 2008) . Neurogenesis is the proliferation and differentiation of neural stem cells (NSCs) and neural progenitor cells (NPCs) into mature parenchymal cells. In the adult brain, neurogenesis occurs in mainly in the subgranular zone of dentate gyrus, the subventricular zone and olfactory bulb (Kaplan and Hinds, 1977; Lois et al., 1996) . Under normal physiological conditions, the progenitor cell population maintains balance between cell apoptosis and proliferation (Favaro et al., 2009) . In response to hypoxic conditions of stroke, there is an increased recruitment of NSCs in the subventricular zone and rapid repopulation of depleted neuroblasts . The newly generated neuroblasts form tight chains along blood vessels that may serve as scaffolds, and migrate from the subventricular zone to peri-infarct regions (Kojima et al., 2010; Zhang et al., 2004) . Angiogenesis stimulates endothelial cells to secrete a number of growth factors that can regulate the biological activity of NPCs and influence their proliferation, migration and differentiation (Shen et al., 2004) . In turn, NPCs also promote angiogenesis and regulate capillary blood flow (Lacar et al., 2012) .
In the brain, NPCs can differentiate into glial cells including oligodendrocytes, astrocytes and ependymal cells as well as modulate microglial activation, proliferation and phagocytosis (Egawa et al., 2016; Mosher et al., 2012) . Astrocytes closely interact with neurons and endothelial cells, and play key roles in pathological angiogenesis and neurogenesis by releasing neurotrophins, cytotrophic factors and vascular growth factors (Goss et al., 1998; Weidemann et al., 2010) . The strategic anatomical positioning of astrocytes can mediate neurotransmission and translate neuronal activity to cerebral vessels, thereby maintaining the coupling of cerebral blood flow and metabolism . Astrocytes have high plasticity and can alter their morphological (astrogliosis) and biochemical states in association with increased glial fibrillary acidic protein (GFAP) expression in response to neurological injury (Choudhury and Ding, 2016) . During the early phase of stroke, formation of a glial scar in the ischemic penumbra demarcates the infarct core from intact normal tissue and protects the penumbra from the local inflammatory responses and free radical scavenging that is initiated in the core . Therefore, reactive astrocytes in the initial stages of ischemic injury exert neuroprotective effects such as taking up excess glutamate and acting as a diffusion barrier to limit the spread of neurotoxic molecules (Roitbak and Sykova, 1999) . Reactive astrocytes also increase endothelial progenitor cell adherence and migration to promote re-vascularization and stabilization of vessels as well as direct NPC migration towards ischemic tissue (Becerra-Calixto and Cardona-G omez, 2017). After reactive astrocytes, reactive microglia/macrophages are the second most predominant cell type in glial scar . Under normal physiological conditions, microglia are in a resting phase and constantly surveying their microenvironment, however, under ischemic stress they become activated and have altered migration patterns and cell surface protein expression (Nimmerjahn et al., 2005) . In the chronic phase of stroke, reactive astrocytes are known to have deleterious effects and hinder neurological recovery by secreting growthinhibitory molecules that chemically prevent axonal and white matter remodeling (Abeysinghe et al., 2016) . The glial scar may also hinder neurological recovery due to poor connectivity of surviving neural pathways and neurovascular uncoupling (Abeysinghe et al., 2016) . Therefore, in the chronic phase of stroke it is beneficial to decrease reactive astrocytes and promote polarization of macrophages and microglia to their anti-inflammatory M2 phenotype.
White matter remodeling and synaptogenesis
An important aspect of neurorestorative mechanisms after stroke is white matter remodeling and synaptogenesis which are required to restore and enhance neuronal connectivity and communication, which are vital for improvement of neurological function (Jiang et al., 2006) . White matter remodeling includes axonal remodeling, oligodendrogenesis and remyelination. White matter remodeling after ischemic stroke in rodents begins early after stroke and has been observed at 28 days later (Liu et al., 2010) . The corticospinal tract (CST) neuronal pathway mediates voluntary movements and is required for motor functions. The severity of motor impairment sustained by ischemic stroke patients are highly correlated with the extent of ischemic injury to the CST in all phases of stroke, with stronger correlation in outcome phases (Maraka Zhu et al., 2010) . In rodents subject to stroke, CST axonal remodeling in the spinal cord and pyramidal neuronal reorganization in the bilateral cortices promote neuronal communication and contribute at least in part to spontaneous functional recovery observed in chronic phase of stroke (Liu et al., 2009) . Focal cortical stroke induces structural alterations in the peri-infarct cortex and loss of thalamic connections, following which surviving cortical neurons develop new horizontal cortical connections via axonal sprouting (Carmichael et al., 2001) .
In the adult brain, oligodendrocyte progenitor cells (OPCs) are present in the corpus callosum, striatum, and cortex and they proliferate and differentiate into mature oligodendrocytes (OLs) which form myelin sheath around axons. Owing to limited blood supply in the white matter, OLs are highly vulnerable to ischemic injury . Mature OLs do not proliferate and injured OLs do not form new myelin; therefore, oligodendrogenesis is essential to form myelin sheaths around the new sprouting axons after stroke. An increase in OPCs number has been reported in the peri-infarct area after stroke in rodents (Tanaka et al., 2003) . In addition to the resident OPCs in the gray and white matter of brain, some NPCs in the subventricular zone also generate OPCs, which then migrate to the ischemic brain and differentiate into mature OLs . Following white matter damage, astrocytes may also promote oligodendrogenesis by secreting brain derived neurotrophic factor (BDNF) (Miyamoto et al., 2015) , and oligodendrogenesis associated neurorestorative effects have been demonstrated .
Synaptogenesis is the formation of synapses between neurons. Synaptophysin is a presynaptic vesicle protein present in all nerve terminals and is frequently used as a marker for synaptogenesis (Stroemer et al., 1995) . Hypoxia stimulates undamaged neurons in the peri-infarct area to sprout and establish new synaptic connections (Stroemer et al., 1995) . Dendritic spines are actin rich protrusions from dendrites that contribute to synaptic plasticity by facilitating synaptic transmission and improve inter-neuronal communication by increasing axodendritic contact points (Stroemer et al., 1995; Yang et al., 2009) . Stroke decreases the number of pre-synaptic vesicles and post-synaptic dendritic spines in the ischemic rat brain (Sun et al., 2008) . Therapies that increase post stroke synaptogenesis have been associated with improved neurological recovery in rodents (Chen et al., 2003c; Stroemer et al., 1995) .
Immune and inflammatory responses
Immune response and inflammation are important factors that have a profound impact on stroke progression and outcome (Gendron et al., 2002; Offner et al., 2006) . In the early stages of stroke, local inflammatory responses initiated in the brain parenchyma include activation of endothelial and glial cells (microgliosis and astrogliosis), and subsequent release of pro-inflammatory mediators, cytokines and chemokines that induce secondary cell damage and create an inhospitable environment for neurovascular plasticity. Ischemic injury to the brain leads to an increased availability of free radicals, reactive oxygen species, oxidative stress and mitochondrial dysfunction which disrupts the BBB and leads to secondary brain damage (Flamm et al., 1978) . Activated microglia, resident and infiltrating macrophages can assume either a proinflammatory M1 phenotype and secrete a variety of proinflammatory factors, or an anti-inflammatory M2 phenotype. Soon after ischemia, the local and infiltrating macrophages assume M2 phenotype to protect neurons from further damage and to aid in removal of cellular debris (Hu et al., 2012) . Injured brain cells then release factors that favor M1 polarization, and microglia/ macrophage persist in the M1 state and release pro-inflammatory factors for subsequent days to weeks (Zhao et al., 2015) . Inflammatory responses at the systemic level involve many immune cell types, circulating signals, systemic activation of T and B lymphocytes, all of which have important implications for post stroke infection and secondary complications (Gendron et al., 2002) . Peripheral immune response to ischemic stroke is largely regulated by the spleen, which releases lymphocytes and proinflammatory cytokines and chemokines such as tumor necrosis factor (TNF-a), monocyte chemoattractant protein-1 (MCP-1), Interferon gamma (IFN-g) and interleukins (IL)-2, 6, in the systemic circulation, which can aggravate overall inflammation in the acute phase after stroke (Offner et al., 2006) . Delayed ischemic brain damage has been attributed to the influx of T lymphocytes. Influx begins about 48 h after initial injury and promotes detrimental inflammatory cascades in the brain (Liesz et al., 2011) . Excessive leukocyte infiltration to the ischemic brain tissue can increase intracranial pressure leading to increased mortality or poor outcome of stroke (Heuschmann et al., 2004) .
Extending the initially acquired M2 phenotype of macrophages and microglia and delaying their transit into M1 phenotype may promote neurorestorative effects in the late stages of stroke Zhao et al., 2015) . T helper cells 1 and 2 (Th1 and Th2) cytokines control macrophage polarization and mediate antigen specific autoimmune response (Becker et al., 2011) . Increase in anti-inflammatory cytokines such as IL-4 induces M2 polarization in microglia/macrophages which in turn can secrete additional anti-inflammatory mediators and promote effective cleanup of ischemic debris and improve long-term neurological outcomes after stroke Zhao et al., 2015) . M2 macrophage polarization has been associated with increased axonal growth in injured mouse spinal cord (Kigerl et al., 2009) . Interventions that can regulate immune responses after stroke have been reported to limit uncontrolled inflammatory responses in the brain, decrease edema and BBB permeability, as well as improve neurological functional outcome after stroke (Zhu et al., 2015) . Therefore, proper inflammatory milieu provides a suitable microenvironment for neurovascular and white matter remodeling (Xiong et al., 2016) . Cell therapy for stroke has been reported to regulate neuroinflammation and mediate functional recovery after stroke which is discussed in the subsequent sections of this review.
Neurorestorative treatment of stroke with cell-based therapy
Cell based therapy for ischemic stroke includes administration of stem cells derived from various sources, including adipose, human fetal/embryonic tissue, bone marrow, peripheral, and umbilical cord blood. Human umbilical cord blood cells (HUCBCs) and mesenchymal stromal cells (MSCs) have emerged as promising treatment options for patients with ischemic stroke. We summarize the present knowledge of advantages and disadvantages of cell therapy from different sources for ischemic stroke treatment in Table 1 . In a recent meta-analysis of stem cell therapies for patients with brain ischemia, Chen et al. concluded that stem cell therapy significantly enhanced neurological functions and quality of life (Chen et al., 2016b) . However, additional investigation is required to provide further support for the safety and efficacy of stem cell transplantation in stroke patients. A number of clinical trials investigating safety, efficacy, optimal timing for treatment initiation, dose of cells, etc. have already begun worldwide, and are summarized in Table 2 . In this section, we will discuss the potential mechanisms underlying cell based therapy with HUCBC and MSCs induced neurorestorative effects after stroke.
Human umbilical cord blood cells
There are several advantages in using HUCBCs as a neurorestorative agent for stroke, such as easy isolation without technical and ethical challenges and their suitability for autologous transplantation as well as allogeneic transplantation without requiring full human leukocyte antigen (HLA) matching (Chen et al., 2001b; Newcomb et al., 2006) . In preclinical studies, it has been demonstrated that treatment of ischemic stroke using HUCBCs promotes neurorestorative mechanisms in the ischemic brain and dosedependently improves neurological function when administered intravenously at 1, 2 or 7 days after stroke onset (Chen et al., 2001b; Newcomb et al., 2006; Vendrame et al., 2004; Willing et al., 2003) . HUCBCs delivered intravenously have been reported to be more effective compared to striatal delivery with respect to producing long-term neurological functional recovery after stroke in rodents (Willing et al., 2003) .
Several mechanisms underlying the neurorestorative effects and improvement of functional outcome after post stroke HUCBC transplantation have been put forward based on pre-clinical experiments. Intravenously administered HUCBCs were found to pass the BBB, enter and survive in the ischemic brain as well as differentiate into neurons and astrocytes (Chen et al., 2001b; Vendrame et al., 2004) . However, the fraction of HUCBCs that follow this cell replacement pathway was very low, and it has become evident in recent years that these HUCBCs act as "factories" producing growth factors, trophic factors and anti-inflammatory factors which then promote neurorestorative effects and improve stroke outcome (Chen et al., 2001b; Vendrame et al., 2004; Yasuhara et al., 2010) .
In addition, some studies report that the efficacy of HUCBCs can be augmented using combination therapy with Simvastatin or Mannitol Yasuhara et al., 2010) . Combination therapy of stroke with Simvastatin significantly increased the number of engrafted HUCBCs in the ischemic brain and improved NPCs proliferation and migration from the subventricular zone to ischemic brain regions . Simvastatin and HUCBC combination therapy also enhanced HUCBC treatment induced synaptic plasticity, axonal and neurite outgrowth, as well as BDNF expression in the ischemic brain . In a neonatal hypoxic ischemic injury rat model, growth and trophic factors such as glial cell-derived neurotrophic factor (GDNF), nerve growth factor (NGF) and BDNF were increased after intravenous administration of mononuclear fraction of HUCBC 7 days after ischemia and amplified when administered together with Mannitol (Yasuhara et al., 2010) . Therefore, pre-clinical studies suggest that cell therapy with HUCBCs alone or in combination with other pharmacological treatments can be employed to improve stroke outcome.
HUCBCs trigger strong immunomodulatory and antiinflammatory responses in the host after administration (Nikolic et al., 2008; Vendrame et al., 2006) . In rats subject to ischemic stroke, HUCBC treatment administered 48 h after stroke onset, significantly decreased infiltration of granulocytes and monocytes, and reduced astrocytic and microglial activation in the ischemic brain parenchyma (Newcomb et al., 2006) . In rodents subject to stroke, administration of HUCBCs attenuated pro-inflammatory Th1 response and increased anti-inflammatory Th2 responses (Nikolic et al., 2008; Vendrame et al., 2004) . After ischemic stroke in rats, a gross reduction of spleen size and number of spleen leucocytes by day 7, and a return to normal count by days 14e28 after stroke have been reported (Gendron et al., 2002) . HUCBC treatment administered 1 day after stroke in rats, rescued stroke induced reduction of spleen size 48 h after stroke (Vendrame et al., 2006) . HUCBC administered intravenously were found to home to spleen parenchyma (in addition to the ischemic brain) where they may modulate immune response (Vendrame et al., 2004) . In addition to improving stroke outcome in healthy, wild type rodents, HUCBCs also improve neurological functional outcome in diabetic or hypertensive animals subject to stroke (Chen et al., 2016a; Riegelsberger et al., 2011; Yan et al., 2014 Yan et al., , 2015 . In type 1 diabetic (T1DM) or type 2 diabetic (T2DM) rodents subject to stroke, HUCBCs administered intravenously at 1 or 3 days after stroke significantly increased growth and trophic factor production, enhanced neurovascular and white matter remodeling, decreased BBB leakage, attenuated neuroinflammation and induced M2 macrophage polarization compared to control diabetic rats subject to stroke (Yan et al., 2014 (Yan et al., , 2015 . HUCBC treatment increases Angiopoietin-1 (Ang-1), an important protein in the regulation of angiogenesis, vascular maturity and stabilization and concomitantly decreases inflammatory factor receptor for advanced glycation end-products (RAGE) expression in the ischemic brain of type one diabetic stroke rats (Yan et al., 2014) . In type 2 diabetic mice subject to stroke and treated with HUCBCs 3 days later, improvement in stroke outcome and neurorestorative effects such as vascular and axonal/white matter remodeling were found to be mediated at least in part by microRNA-126 (Chen et al., 2016a) . MicroRNAs are small non-coding RNA sequences that can regulate several genes, pathways, and complicated cellular networks by acting either alone or in concert with other microRNAs . MicroRNA-126 is a key regulator in angiogenesis and maintenance of endothelial cell function, and has been reported to be altered in diabetes and stroke (Chen et al., 2016a; Wang et al., 2008; Zampetaki et al., 2010) . Inhibition of microRNA-126 in HUCBCs significantly attenuated HUCBC induced neurorestorative effects, suggesting that increasing microRNA-126 may partially contribute to HUCBC treatment induced neurorestorative effects in type two diabetic stroke mice (Chen et al., 2016a) . Further studies are required to optimize HUCBC treatment for stroke and for a clear understanding of the multifaceted mechanisms of action.
Mesenchymal stromal cells
MSCs are a heterogeneous subset of multipotent precursors that reside in the stromal fraction of many adult tissues. MSCs can differentiate into osteoblasts, adipocytes, chondroblasts, myocytes and neurons (Jiang et al., 2002) . MSCs can be found and isolated from a variety of tissue types (such as bone marrow, adipose tissue, cord blood, brain, kidney, lung, muscle) of adult rodents suggesting that MSCs are present in all postnatal organs. The bone marrow is a major source of MSCs and has been widely studied as a treatment option for stroke. The International Society for Cell Therapy proposed a criteria to define and differentiate MSCs from other stem cells (Dominici et al., 2006) . MSCs can be distinguished from other hematopoietic stem cells based on the presence of surface molecules such as CD73, CD90, and CD105 and the absence of CD34, CD45, HLA-antigen D Related, CD14 or CD11b, CD79a, or CD19 (Dominici et al., 2006) .
Since a majority of studies using MSC therapy for stroke repair have used bone marrow derived MSCs, we will focus the present review on BMSCs. BMSCs are harvested from bone marrow, and employing BMSCs derived from HLA matched donor, full or partial HLA matched patient's relative, or employing the patient's own BMSCs may decrease the risk of immune rejection (Anasetti et al., 2012; Hamidieh et al., 2015) . Intravenous, intra-arterial, intra-carotid or intra-striatal administration of BMSCs initiated at 1 day after stroke, dose dependently improved functional outcome after stroke in rodents (Chen et al., 2001a; Shen et al., 2006) . The various routes of transplantation have their own advantages and disadvantages. For instance, intravascular delivery of BMSCs is non invasive and can yield a wide distribution of BMSCs in the brain; but it requires early transplantation since inflammation drives homing of cells to ischemic brain tissue, this route carries a risk of thrombus formation, and it is likely that the majority of transplanted cells may home to peripheral organs such as the lungs (Fischer et al., 2009; Guzman et al., 2008) . While intracranial/intracerebral delivery of BMSCs leads to a greater fraction of cells homing to ischemic brain tissue, it is invasive, may not be clinically feasible and carries a risk of damaging healthy tissue (Jin et al., 2002) . A delayed BMSC treatment initiation time point of 7 days post stroke was also found to significantly improve long term functional outcome in middle aged rats (Li et al., 2005) . However, BMSC treatment initiated 1 day after experimental stroke was found to be more beneficial in improving functional outcome compared to 7 day treatment initiation time point (Yang et al., 2010) . In fact, BMSC transplantation at 12 h after stroke induced optimal neurological functional recovery, least ischemic damage, maximum trafficking of transplanted BMSCs to ischemic region, and lowest caspase-3 activity in the ischemic brain (Hosseini et al., 2015) .
BMSC treatment initiated at 1 day after stroke decreased apoptosis, improved BBB integrity, increased axonal growth and sprouting, remyelination in the cortical penumbra and corpus callosum, and improved neurological function in experimental stroke rats (Chen et al., 2001a (Chen et al., , 2003a Shen et al., 2006; Zacharek et al., 2007) . BMSC treatment initiated one day after stroke in rats significantly promoted angiogenesis in the ischemic boundary zone, indicated by increased number of vascular endothelial growth factor (VEGF) and Notch-1 positive microvessels (Dao et al., 2013; Yang et al., 2010) . In vitro studies indicate that BMSCs cocultured with astrocytes significantly increases VEGF and Ang1/ Tie2 expression in astrocytes, and BMSCs conditioned medium significantly improves capillary tube formation demonstrating the potential of BMSCs to induce angiogenesis (Zacharek et al., 2007) . Compared to vehicle treated rats that only exhibit unilateral activation of sensorimotor cortex, rats treated with BMSCs at 6 h after stroke exhibit activation of the ischemic as well as contralateral hemispheres upon electrical stimulation of the left forepaw during functional MRI which was associated with greater motor function recovery (Suzuki et al., 2013) . Increased activation of microglia, and persisting reactive astrogliosis in response to BMSC treatment after stroke may contribute to white matter remodeling effects such as enhanced axonal regeneration aiding long term functional recovery (Li et al., 2005; Yang et al., 2010) . BMSC treatment for stroke significantly increased synaptophysin, synapse density, number of myelinated axons and neurite outgrowth in the ischemic border zone (Ding et al., 2013) . In the adult brain, Nogo-A is primarily expressed by OLs on the axonal and outer myelin membrane and inhibits neurite growth (Mahmood et al., 2014) . BMSCs administered after traumatic brain injury or stroke in rats inhibits Nogo-A expression in the ischemic regions and induces axonal regeneration (Mahmood et al., 2014) .
Several mechanisms of action for BMSC induced neuroprotection and neurorestoration have been put forth including release of growth and trophic factors, mediating antiinflammatory responses, decreasing glial scar formation and mediating restorative mechanisms via release of microRNA (Chen et al., 2001a (Chen et al., , 2003b Yang et al., 2010) . Although transplanted cells are known to traffic to the injured parenchyma in response to ischemic and chemotactic stimuli, a number of studies have found that after systemic administration, a majority of the transplanted BMSCs home to peripheral organs such as the spleen, lung, kidney and intestine, and the fraction of cells that home to the ischemic brain and differentiate into neuronal cells to replace injured/lost cells is very small (Chen et al., 2001a (Chen et al., , 2003b Yang et al., 2010) . The most widely accepted mechanism of BMSC induced neurorestorative effects after stroke is via the release of trophic and growth factors such as VEGF, BDNF and bFGF (basic fibroblast growth factor) (Chen et al., 2001a; Yang et al., 2010) . Post stroke BMSC treatment increased the expression of many growth and trophic factors and their receptors in the circulation (Yang et al., 2010) . BMSC induced increase of cytokines and growth factors exert both autocrine and paracrine activities which mediate differentiation, proliferation, and cell survival (Matsuda-Hashii et al., 2004) . These growth factors play a crucial role in maintaining and augmenting neurorestorative process such as neurogenesis, angiogenesis, white matter remodeling and synaptic plasticity. Therefore, BMSCs behave as small biochemical and molecular "factories" and catalysts, producing a wide array of trophic and growth factors that induce angiogenesis and vascular stabilization in the ischemic boundary, where the majority of BMSCs that survive in the brain are located.
BMSC treated stroke rats exhibit accelerated glial scar formation, decreased inflammatory responses in the ischemic penumbra and reduction of the ischemic lesion volume (Pavlichenko et al., 2008) . BMSCs also exert immunosuppressive and immunomodulatory effects in stroke rats without altering stroke induced immune cell dysfunction or systemic inflammatory cytokine expression levels (Scheibe et al., 2012) . Transplantation of human BMSCs into the hippocampus of adult mice at 1 day after transient global ischemic stroke, significantly decreased cell death of hippocampal neurons, promoted M2 macrophage/microglial polarization, induced Th2 immune bias with increased ratio of IL-4/IFNg or IL-4/TNFa and down regulated pro-inflammatory genes (Ohtaki et al., 2008) .
Several studies have manipulated BMSCs and investigated their effectiveness in stroke treatment. BMSC conditioned medium derived from normal or ischemic rats administered immediately after stroke was found to improve functional outcome, enhance neurogenesis and decrease microglia/macrophage infiltration into the ischemic penumbra (Tsai et al., 2014) . Combination therapy of BMSCs with pharmacological agents, growth factors, or gene modified BMSCs such as FGF-2 or BDNF gene modified BMSCs, have been used to extend therapeutic time window and amplify neurorestorative effects after stroke (Chen et al., 2011a; Ikeda et al., 2005; Kurozumi et al., 2004) .
MicroRNAs can interact with BMSCs to impact neurorestorative effects after stroke. For example, the microRNA-145 and its target ATP-binding cassette transporter (ABCA1)/Insulin-like growth factor 1 (IGFR1) pathway may contribute to diabetic-BMSCs induced functional outcome improvement and neurorestorative effects in T1DM stroke rats (Cui et al., 2016) . MicroRNA-34a mediates neuronal precursor motility that is crucial for homing of stem cells to target tissue (Chang et al., 2011) . In addition, microRNA-96, microRNA-124 and microRNA-199a regulate gene expression important for BMSC differentiation and were differentially expressed during osteogenic, adipogenic, and chondrogenic induction of human BMSCs (Laine et al., 2012) . In addition, it has been demonstrated that transfer of microRNA-133b from BMSCs to astrocytes and neurons regulates gene expression and promotes neurite remodeling and neurological recovery after stroke (Xin et al., 2012 (Xin et al., , 2013 . Knockdown of microRNA-133b in BMSCs attenuated BMSC induced neurorestorative effects after stroke (Xin et al., 2013) . MicroRNAs regulate neurogenesis, mediate trans-differentiation of MSCs into functional neurons and are also useful in restoration of lost or damaged neurons in neurological disorders (Shen and Temple, 2009 ). MicroRNAs, with their varied biological functions and regulatory capabilities, open new avenues and strategies for BMSC therapy and manipulation with potential therapeutic benefits.
Currently clinical trials to evaluate the safety, feasibility, and efficacy of BMSCs treatment for stroke patients are underway and have been summarized later in this review. In addition, the optimal cell type, time window of administration, delivery route and dose are yet to be determined.
Pharmacological agent treatment of stroke
There are several pharmacological treatments under investigation both in preclinical experiments and clinical trials to promote neurorestorative effects after ischemic stroke such as, 3-hydroxy-3-methylglutaryl-coenzyme-A reductase inhibitors (statins) (Chen et al., 2003c) , erythropoietin (EPO) , phosphodiesterase type 5 (PDE-5) inhibitors (Zhang et al., 2002) , Niaspan (Shehadah et al., 2010; Yan et al., 2012 Yan et al., , 2013 , Minocycline, and Candesartan. Statins, EPO and PDE-5 inhibitors and Niaspan have been discussed in our previous review Chen et al., 2014) . In this review, we focus on Minocycline and Candesartan which are currently under clinical trials. The proposed basic mechanisms underlying Minocycline and Candesartan derived neuroprotective and neurorestorative effects are discussed in the following sections and summarized in Fig. 2. 
Neuroprotective and neurorestorative effects of Minocycline for stroke treatment
Minocycline is a second-generation, semi-synthetic tetracycline which has been applied in the treatment of acne vulgaris and some sexually transmitted diseases (Ma et al., 2015) . Drug resistance and the emergence of mounting novel agents have led to the decline of clinical applications of Minocycline as an antibiotic. In addition to its antibiotic effects, Minocycline has anti-inflammatory and antiapoptotic properties. These effects have been confirmed in various diseases including atherosclerosis, multiple sclerosis, rheumatoid arthritis and inflammatory bowel disease (GarridoMesa et al., 2011; Metz et al., 2017; Ohshima et al., 2010; Tilley et al., 1995) .
Minocycline is a potentially novel pharmacologic therapy for stroke as it is highly lipophilic and can easily pass the BBB (Ma et al., 2015; Naderi et al., 2017; Soliman et al., 2015; Zou et al., 2016) . Increasing studies indicate that Minocycline may induce neuroprotective effects in experimental stroke and clinical stroke patients (Lampl et al., 2007; Yang et al., 2015b) . The results of an openlabeled evaluator-blinded clinical trial that included 152 patients indicated that oral Minocycline administrated within 6e24 h after acute stroke at a dosage of 200 mg/day for 5 days significantly improved stroke outcome, as evaluated by National Institutes of Health Stroke Scale and modified Rankin Score compared with placebo group (Lampl et al., 2007) . A similar study confirmed the safety, efficacy, dose range and feasibility of Minocycline for stroke treatment (Padma Srivastava et al., 2012 ). An open labeled, dose finding study with 60 patients employing intravenous administration of Minocycline within 6 h of stroke found that Minocycline treatment was well tolerated up to doses of 10 mg/kg/day alone or in combination with tPA without severe hemorrhagic complications (Fagan et al., 2010) . Combination of Minocycline with tPA not only extended the time window for tPA treatment for ischemic stroke, but also decreased the incidence of hemorrhage, improved neurologic outcome and lowered mortality Murata et al., 2008) . The combination treatment induced benefit effects may due to BBB protection rather than compromising clot lysis . A delayed combinatorial treatment of Flavopiridol with Minocycline provides synergistic brain plasticity after ischemic stroke for 10 weeks (Iyirhiaro et al., 2008) . Sequential therapy of Minocycline and Candesartan in rats subjected to stroke, significantly improved neurobehavioral outcome, and reduced infarct size . About 90% of meningococcal meningitis patients who were treated with Minocycline exhibited side effects such as nausea, vertigo and mild dizziness, within the first 72 h after Minocycline administration and quickly (48 h) disappeared after stopping Minocycline therapy (Fanning and Gump, 1976) .
The mechanisms of Minocycline induced neuroprotective effects are not clear. Minocycline induced neuroprotective effects after stroke are most likely due to its anti-inflammatory, antioxidant, anti-autophagy, and anti-apoptotic effects (Naderi et al., 2017; Wu et al., 2016) . Minocycline treatment at 3 h after stroke reduced brain tissue loss and improved functional outcome by promoting neurovascular remodeling, enhancing tight junction protein expression and alternative activation of microglia/macrophages in the ischemic brain (Yang et al., 2015b) . Minocycline inhibits hypoxia-inducible factor (HIF-1a) mediated cellular responses and protects BBB integrity (Yang et al., 2015a) , reduces microglial activation and matrix metalloproteinase (MMP) expression (Machado et al., 2006) , and decreases neuronal apoptosis (Matsukawa et al., 2009) . Minocycline treatment (50 mg/kg, i.p., twice a day for 2 days starting at 2 h after stroke) in adult rats subject to experimental striatal stroke inhibited microglial activation, decreased apoptotic cell death, induced significant neuroprotection and improved functional outcome compared to saline treated stroke rats (Souza et al., 2017) . Minocycline derived neuroprotection may be derived from attenuation of neuroinflammation and inhibition of inflammatory processes in microglia and brain endothelial cells after stroke (Souza et al., 2017; Yu et al., 2017) .
Minocycline not only regulates neuroprotective effects, but also promotes neurorestorative effects including white matter remodeling, remyelination and neurogenesis after ischemic injury to the brain (Jalal et al., 2015) . Minocycline administered intraperitoneally one day after stroke for 14 days, dose dependently improved neurologic score, motor coordination and survival (Hayakawa et al., 2008) . Spontaneously hypertensive/stroke prone rats (SHR/SP) subject to unilateral common carotid artery occlusion and treated with Minocycline initiated one day after stroke every other day for 9 weeks significantly reduced lesion size, improved cerebral blood flow and white matter remodeling, and extended survival (Jalal et al., 2015) . In a randomized single-blinded open-label clinical trial, patients who received oral Minocycline (200 mg/day for 5 days) showed significant improvement in functional outcome without increasing mortality rate compared to placebo group (Padma Srivastava et al., 2012) . These data suggest that Minocycline has long term restorative effects in the chronic phase post stroke.
The mechanisms of Minocycline induced neurorestorative effects may be related with the inhibition of activated microglia expressing high-mobility group box1 (HMGB1) (Hayakawa et al., 2008) , Minocycline also decreases MMP-9-mediated infiltration of leukocytes, and reduced levels of TNF-a and IL-1b, and increased levels of anti-inflammatory factors transforming growth factor-b (TGF-b) and IL-10 and YM1 (M2 macrophage/microglia) in the damaged brain (Jalal et al., 2015; Xing et al., 2012; Yang et al., 2015b) . Minocycline can induce the proliferation of OPCs in the subventricular zone, which promotes remyelination and improves functional outcome (Ma et al., 2015) . Collectively, the above findings indicate that Minocycline shows neuroprotective and neurorestorative effects and can improve neurological outcome after ischemic stroke, although there are still many problems to resolve (Padma Srivastava et al., 2012) .
Neuroprotective and neurorestorative effects of Angiotensin Receptor Blockers (ARBs)
Candesartan is an Angiotensin II receptor agonist that is widely used in cardiovascular disorders, renal disease, metabolic syndrome, diabetes, as well as brain injury. When administered systemically, Candesartan can enter the brain, protect cerebral blood flow, decrease BBB leakage, decrease cerebral hemorrhage, reduce neuro-inflammation and decrease neuronal injury in animal models of stroke Soliman et al., 2015) , traumatic brain injury (Villapol et al., 2012 (Villapol et al., , 2015 , Alzheimer's disease (Elkahloun et al., 2016) and other brain conditions. In this review, we will focus discuss Candesartan therapeutic effects in stroke.
Treatment with low dose of Candesartan either pre-stroke (Barakat et al., 2014) or in the acute phase after stroke significantly reduced infarct volume and edema (Groth et al., 2003) , protected BBB integrity (Pelisch et al., 2011) , and improved neurological outcome (Brdon et al., 2007; Soliman et al., 2015) . Low dose Candesartan treatment (0.1e0.3 mg/kg) increases the expression of active MMP-3, laminin, angiopoietin-1, VEGF, BDNF, synaptophysin, and postsynaptic density protein 95 (PSD-95) expression in the ischemic brain . Candesartan also decreases leukocyte infiltration and inflammatory factor expression such as toll like receptor-2 (TLR-2) and TLR-4, Myd88, TIR-domain-containing adapter-inducing interferon-b (TRIF) and interferon regulatory transcription factor 3 (IRF-3) and TNF-a, IL-1b, IL-6 and NF-kB (Barakat et al., 2014; Benicky et al., 2011) . Low dose oral administration of Candesartan after transient focal ischemia reduces infarct volume without decreasing blood pressure (Omura-Matsuoka et al., 2009 ). Neurovascular protection induced by Candesartan may be derived from the inhibition of Rho-kinase in brain microvessels (Omura-Matsuoka et al., 2009) . A single high dose of 1 mg/kg Candesartan administered intravenously after ischemia-reperfusion injury improved vascular remodeling and provided long-term benefits ). In combination with tPA, high dose Candesartan (1 mg/kg) ameliorated brain hemorrhage, and improved neurological outcome in embolic stroke rats when compared to rats treated with tPA alone (Ishrat et al., 2013) .
The ACCESS (Acute Candesartan Cilexetil Therapy in Stroke Survivors) clinical trial demonstrated the safety of Candesartan and its benefits in stroke treatment even though it did not lower blood pressure (Doggrell et al., 2004; Schrader et al., 2003) . However, in a randomized double-blind Scandinavian Candesartan Acute Stoke Trial (SCAST) with 2029 patients recruited within 30 h of acute ischemic or hemorrhagic stroke, Candesartan treatment showed no significant benefit on daily activities at 6 months compared to control group (Hornslien et al., 2015; Sandset et al., 2011) . Candesartan therapeutic effects may differ according to different types of acute ischemic stroke . These studies indicated a significant trend toward a better effect of Candesartan in patients with larger infarcts than in patients with smaller lacunar infarcts . Therefore, several studies suggest neuroprotective effects of Candesartan treatment for ischemic stroke.
Candesartan is also tightly associated with neurorestorative processes, especially angiogenesis which can promote other events such as neuroplasticity and synaptogenesis (Soliman et al., 2014; Villapol et al., 2012) . A low, sub-hypotensive dose of Candesartan promotes neuroplasticity and functional recovery via the overexpression of VEGF, BDNF and its receptors . In vivo and in vitro experiments have demonstrated that Candesartan provides long-term benefits including vascular protection and angiogenic remodeling post stroke Soliman et al., 2014) . Candesartan treatment decreases microglial activation, astrogliosis and pro-inflammatory responses, while protecting cerebral blood flow, at 1e3 days post brain injury (Villapol et al., 2012 (Villapol et al., , 2015 . In addition, Candesartan also promotes peroxisome proliferator-activated receptor gamma (PPARg) signaling activity (Villapol et al., 2012 (Villapol et al., , 2015 . The neurorestorative effects of Candesartan were reduced by concomitant administration of the PPARg antagonist which indicates that Candesartan induced neurorestorative effects may be associated with the PPARg pathway (Villapol et al., 2012 (Villapol et al., , 2015 . Collectively, these results indicate that Candesartan, which may have both neuroprotective and neurorestorative effects, and is a potential neuroprotective and neurorestorative therapy for the treatment of acute ischemic stroke (Villapol et al., 2015) . A recent study reported that in rats subjected to experimental stroke, sequential combination therapy rather than simultaneous treatment with Minocycline and Candesartan improved long term functional recovery and preserved Candesartan's proangiogenic activity . Future studies are warranted to investigate the effectiveness and optimization of combination therapies for stroke.
Conclusions and future directions
In this review, we provided an update on the role of HUCBC, BMSCs and select pharmacological agents such, Minocycline and Candesartan in neurorestorative therapy for stroke. Each of these therapies has their own advantages, and emerging evidence indicates their potential to serve as novel treatment strategies for stroke. The mechanisms underlying these beneficial therapies are being elucidated. We have briefly discussed some of the mechanisms which mediate neurorestorative effects after stroke including neurovascular remodeling and white matter remodeling, synaptogenesis and anti-inflammatory effects, which contribute to the amplification of the brain plasticity and subsequent improvement of the neurological outcome. It is extremely likely that these neurorestorative events are coupled, and future studies are required to investigate mechanisms that temporally and spatially coordinate these neurorestorative events. Future studies are required to identify the key therapeutic roles played by microRNAs and to optimize their manipulation to enhance therapeutic efficacy of neurorestorative agents.
Additional experimental considerations and preclinical studies are required to properly and effectively translate treatments for stroke from the bench to the bedside. Among issues that should be addressed in order to facilitate clinical application is the widespread use of only healthy young male animals in preclinical research, and lack of attention to co-morbidities such as diabetes and hypertension which alter and aggravate stroke pathology, and impact response to therapeutic interventions. Additionally, sex differences in stroke pathology and therapeutic response are understudied. Over the past few decades, while there have been several novel neuroprotective agents to treat stroke that showed promise in pre-clinical evaluation, very few progressed towards clinical testing and tPA still remains the only FDA approved drug for stroke treatment. However, tPA has disadvantages including narrow treatment time window and contra-indications for stroke patients with diabetes (Demchuk et al., 1999) . Adverse effects such as poor functional outcome, hemorrhage and arteriosclerosis were reported when BMSC treatment was initiated 24 h after stroke in type one diabetic rats (Chen et al., 2011b) . Recent studies have evaluated delayed stroke treatment (1e3 days after stroke) using cell therapy with HUCBC or MSC in rodents with or without comorbidity with type 2 diabetes and hypertension, and reported short and long term beneficial effects (Calio et al., 2014; Yan et al., 2016) . Neurorestorative treatments with wide treatment time windows are critical for successful clinical translation. Neurorestorative agents and re-purposing of FDA approved drugs for stroke treatment hold translational potential and promise as therapeutic agents for stroke. In addition, the use of cell therapy alone or in combination with pharmacological treatments may promote synergistic and additive neurorestorative effects which hold promise to improve stroke outcome. The safety and efficacy of these treatments in stroke patients need to be demonstrated by clinical trials.
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